Proteins are continually produced and degraded, to avoid the accumulation of old or damaged molecules and to maintain the efficiency of physiological processes. Despite its importance, protein turnover has been difficult to measure in vivo. Previous approaches to evaluating turnover in vivo have required custom labeling approaches, involved complex mass spectrometry (MS) analyses, or used comparative strategies that do not allow direct quantitative measurements. Here, we describe a robust protocol for quantitative proteome turnover analysis in mice that is based on a commercially available diet for stable isotope labeling of amino acids in mammals (SILAM). We start by discussing fundamental concepts of protein turnover, including different methodological approaches. We then cover in detail the practical aspects of metabolic labeling and explain both the experimental and computational steps that must be taken to obtain accurate in vivo results. Finally, we present a simple experimental workflow that enables measurement of precise turnover rates in a time frame of~4-5 weeks, including the labeling time. We also provide all the scripts needed for the interpretation of the MS results and for comparing turnover across different conditions. Overall, the workflow presented here comprises several improvements in the determination of protein lifetimes with respect to other available methods, including a minimally invasive labeling strategy and a robust interpretation of MS results, thus enhancing reproducibility across laboratories.
Introduction
The stability of the proteome is an essential aspect of living organisms. The mechanisms that regulate the maintenance of a functional proteome are important in several aspects of biology, especially in connection with pathologies such as neurodegeneration, protein accumulation, prion diseases and aging 1 . Measuring protein turnover in vitro (i.e., in cell cultures) using isotope-labeled amino acids is an accessible technique that can be applied by virtually any laboratory with moderate experience in cell culture and MS 2 . The situation in vivo is markedly complicated by the sizeable reuse of amino acids within the animal organism during physiological protein metabolism 3, 4 .
Traditionally, this problem has been approached by using custom diets and advanced analysis tools, which are not readily accessible to most laboratories 5 . For these reasons, although approaches to measurement of proteome-wide turnover have existed for more than a decade [6] [7] [8] , measurement of protein lifetimes has not yet become common practice in MS laboratories. At the same time, previous approaches have been difficult to reproduce between laboratories 4 . Nevertheless, protein stability in vivo remains of great importance and keeps attracting interest in the scientific community 5, [9] [10] [11] [12] [13] . We have, therefore, developed tools to render the measurement of protein lifetimes in mice in vivo not only precise but, importantly, easily reproducible in virtually any laboratory with access to shotgun proteomic technologies 4 . The strategy described here is based on a pulsing workflow that utilizes the isotopically stable 13 C 6 -lysine during metabolic labeling. This essential amino acid is absorbed through the diet and is incorporated into proteins depending on their relative turnover. The analysis of protein labeling is complicated by the reuse of unlabeled amino acids, as we describe in detail in this protocol.
Methods for estimating protein stability in mice in vivo
Historically, the main strategy for estimating protein turnover in living organisms has been based on pulsing isotopically labeled amino acids (or amino acid precursors) and monitoring their appearance in the proteins that are synthesized in animals 7, 9, 12, [14] [15] [16] [17] [18] . For simplicity, protein turnover can be considered as a kinetic process in which an old protein population is replaced with a new population by neosynthesis and degradation of the older proteins. In a system in which all the new proteins are synthetized from a new pool of fully labeled amino acids, this process can be approximated to a simple first-order kinetic. The situation in vivo is complicated by the fact that the pool of old (unlabeled) amino acids cannot be quickly replaced by labeled amino acids. This is because in vivo amino acids can be reused and the old (unlabeled) amino acids can become incorporated into new proteins. If the exact amino acid reuse is neglected, one can observe only relative differences in turnover between proteins by metabolically labeling animals for different amounts of time, followed up by measurements in which one assesses the speed at which each protein species becomes labeled.
In a seminal work, Price et al. used a pulsing approach and estimated the half-life of~1,000 proteins in the mouse brain 7 . To achieve protein metabolic labeling, they supplemented the mouse diet with Spirulina platensis (cyanobacteria) that was previously labeled with 15 N. Mice were metabolically labeled for different time periods and then killed; proteins were extracted and the relative incorporation of 15 N was measured. Although Price et al. were pioneers in the estimation of protein lifetimes, the use of 15 N-labeled peptides complicates the analysis of the MS data, requiring a sophisticated processing algoritm 16 . With this approach, 15 N can enter at any position of each peptide, which causes a general mass spectral shift toward higher masses upon labeling. To be correctly analyzed, a peptide needs to be in a relatively 'uncrowded' position of the mass spectrum, which restricts the number of peptides that can be efficiently analyzed for each protein 7 , thus biasing the precision of the measurements 4 . Moreover, owing to the largely unknown metabolism rates of different amino acids and other 15 N-labeled molecules present in the diet, it is virtually impossible with this approach to devise a formal description of the turnover of the entire proteome, although some efforts have been made in this direction 16, 19 . As a result, although comparative experiments between different experimental conditions are in principle possible, the lack of precision in the determination of lifetimes and the absence of reliable confidence intervals in these measurements do not allow a simple, practical implementation.
Other groups have applied metabolic labeling of proteins to mice or rats, mostly aiming at characterization of the longer-lived proteins, through the use of long feeding pulses. Examples include the work of Savas et al. 9 , Toyama et al. 10 , Toyama et al. 20 and the more recent work of Heo et al. 11 . As an example, Toyama and collaborators pulse-fed a 15 N diet to pregnant rats and continued the pulse in the progeny for up to 6 weeks after birth 10 . The progeny were successively chased with 14 N food for different time periods and the relative incorporation of 15 N in proteins was measured. In this case, the lifetimes were not estimated, but the overall stability of the proteins was studied, revealing the extremely long-lived proteins (ELLPs). These efforts, although important for the study of extremely stable proteins, tend to neglect or underestimate the shorter-lived fraction of proteins, which corresponds to~95% of the proteome 4 . Importantly, none of these approaches take into consideration the amino acid reuse during the labeling process that takes place in vivo, precluding the possibility of measuring the exact lifetimes of proteins.
In addition to isotope-labeled amino acids, deuterium labeling has been used successfully as an alternative approach to labeling proteins 6 . In a typical deuterium workflow, animals receive intraperitoneal injections of deuterated water ( 2 H 2 O) and have ad libitum access to 8% 2 H 2 O in the drinking water supply for different time intervals 21 . During the synthesis of nonessential amino acids, the animals incorporate the deuterium into the C-H bonds, thus labeling the newly synthesized proteins 6 , along with all other biomolecules in the organism. Following protein preparation, the metabolic labeling of proteins can be measured over time by analyzing the shift in peptide isotope weights toward higher-end masses 21 . Freeware software is available for analyzing the shift in peptide isotope composition 22, 23 , although it is important to clarify that while 2 H 2 O labeling is in theory simple and costefficient, the exact time course of amino acid production degradation and the reuse of 2 H cannot be formally modeled in an organism. This is because the quantitative aspects of the biotransformations linked to 2 H are largely unknown, as 2 H 2 O can be incorporated into virtually all biomolecules 24 . The current models work by approximating the problem of protein labeling with 2 H to a mono-exponential saturation toward an equilibrium level. This assumption neglects the fact that the body of a mammal works as a reservoir for precursor molecules that are constantly reused for the synthesis of new proteins, which makes it difficult to accurately define protein lifetimes with 2 H 2 O labeling.
A method for precise determination of protein lifetimes in mice in vivo To overcome these limitations, we have recently introduced and thoroughly validated a technique that enables the measurement of protein lifetimes 4 while taking advantage of a commercially available PROTOCOL NATURE PROTOCOLS diet for SILAM 25 . The approach is an extension of the stable-isotope labeling of amino acids in cell culture (SILAC), which has been largely adopted for protein quantification in dissociated cells 26 . Approaches using a SILAM scheme for absolute protein quantification have been around for more than a decade, including those of several important in vivo works 25, 27, 28 . Our in vivo pulsing strategy workflow utilizes an isotopically stable 13 C 6 -lysine, which is an essential amino acid that needs to be absorbed through the diet. In addition, lysine is not turned directly into other amino acids but is catabolized to specific metabolites such as pipecolic acid 29 , reducing the isotopic labeling of other amino acids to virtually zero. Following metabolic labeling, the incorporation of 13 C 6 -lysine is quantified through shotgun MS. This is coupled with a proteome-level description of the lysine pool reuse based on both actual measures and mathematical modeling. Overall, our strategy comes with several improvements for the determination of lifetimes, including a simple and robust interpretation of MS results, which allows the obtainment of data for many peptides for each protein. This is a major advantage with respect to approaches based on 15 N diets that limit the analysis to a handful of arbitrarily selected peptides 4, 7 . Importantly, even if the users modify this strategy by altering the pulsing and chasing schemes, our reliable analysis framework will still enable them to extract reliable protein lifetime parameters. For this reason, future results will be easily shared and replicated by other laboratories. This is an important aspect for the development of the field, because lifetime evaluations in vivo have been largely qualitative or comparative [9] [10] [11] . Moreover, this refined strategy includes several labeling pulsing times and allows the accurate monitoring of protein labeling over different time scales. One additional improvement of this strategy is the precise evaluation of the reuse of labeled lysine, which enables a study of the stability of the entire proteome. As a result, this experimental design, coupled with the description of lysine reuse, enables investigators to determine the exact half-lives of proteins and can easily be extended to different mouse genetic lines and possibly to other animal models. In principle, one could also use it for other species such as bacteria or plants, if lysine is made into an essential amino acid by targeted mutations.
Overview of the procedure
The procedure is summarized in Fig. 1 and consists of five modules: mouse metabolic labeling and tissue collection (Steps 1-10); sample processing (Steps 11-51); MS analysis (Steps 52-70); data interpretation, lifetime determination and statistics (Steps 71-92); validation and controls (Step 93; several options available). The aspects from Steps 1-70 are based on existing procedures that we have specifically tailored for the purpose of measuring protein turnover in mice. In these three initial modules of the protocol, we cover in detail the timing, the quantity of isotopic food and other aspects while offering practical tips to render the measurements reliable and robust. The data interpretation and the final validations (Steps 71-93) are the most complex steps. For this reason, we provide in the protocol the extensive biochemical methods, computational tools and scripts that enable the data interpretation and validation, along with practical examples that might help with troubleshooting the most common problems.
Applications and future directions
Protein stability measurements are important to several domains of biology, encompassing a number of pathological alterations such as cancer and neurodegeneration. Mice are extensively utilized as genetic models, and protein turnover measurements have the potential to become as widely used as protein abundance measurements for general screening purposes. In general, the assessment of protein turnover parameters should be considered as an additional technical option in the palette of tools available for molecular biologists and could be used both as a validation and a discovery tool.
A direct application of the protein stability measurements is to determine the turnover of a protein of interest in specific organs or in subcellular structures 4, 30 , and eventually under genetic or pharmacological modulations of the pathway of interest. This would reveal the proteins that have compromised stability in a set of relevant modulations, in the same manner in which such proteins are currently identified in protein abundance studies. Importantly, in lifetime measurements, each hit contains an internal control because, for each protein, the ratio between the 'heavy' pulsed peptides and their 'light' counterparts is measured. As a result, the precision of these measurements is generally higher than that of protein abundance measurements 4 . This implies that small differences that might be overlooked in protein abundance studies would be readily detected with a turnover approach. Therefore, protein turnover measurements would be useful as a complement to, and in NATURE PROTOCOLS PROTOCOL some cases a replacement for, protein abundance studies. This can be particularly efficient because the same samples can be used for both purposes by combining turnover and label-free quantifications 31 .
Among other examples, a simple practical aim could be to downregulate or knock out a specific protein that is part of a putative complex and then to determine the effects on the formation and/or the stabilization of the complex by monitoring the lifetimes of the interaction partners. This is particularly relevant in vivo, where complex stability is influenced by molecular crowding and by the Fig. 1 | Flowchart of the protocol. a, Steps 1-10: pulse-feeding of mice for metabolic labeling, followed by tissue collection. The most appropriate feeding scheme for the protein of interest can be defined by following the guidelines in Supplementary Table 1 . b, Steps 11-51: sample processing for MS. This stage can be adapted to specific applications. Importantly, because the metabolically labeled and the unlabeled populations of proteins coexist in the same sample, fractionation methods such as PAGE can be applied to simplify the sample and provide deeper proteome coverage. c, Steps 52-70: protein analysis by nano reverse-phase HPLC coupled with high-resolution mass spectrometry with an instrument such as an Orbitrap. This step allows the measurement of relative incorporation of 13 C 6 -lysine at the proteome level. These values will be used for data interpretation and lifetime measurements. d, Steps 71-92: data interpretation, precise determination of lifetimes, statistics. This protocol includes all the scripts needed to derive protein lifetimes directly from MS results. e, Step 93A-D: validation and controls. We provide a gallery of four different controls and crossvalidation steps that can either be used to check the quality of the measurements or might be useful in extending this protocol to other animal models or different amino acids. Black K, 12 C 6 -lysine (Lys0); Brown K, 13 C 6 -lysine (Lys6) (Option B). See main text for details.
exact stoichiometry of the individual components 32 . This would reveal differences in situations in which various compensatory processes might still maintain a constant protein level, even though the protein turnover, i.e., the speed at which a protein is produced and degraded, might be altered. Along the same lines, this approach can be used for the study of any of the proteins that are thought to be important for the regulation of degradation pathways, such as specific E3 ligases or regulators of the proteasome or the lysosome pathways. Several other practical applications could be envisaged, including the study of specific protein modifications on lifetimes, the effects of autoimmune disease on the stability of receptors and cellular structures, and the metabolism of cancerous tissues at different stages or under different pharmacological treatments. Among the most promising future developments of this technique, we would like to mention the possibility of combining it with more advanced MS workflows, including data-independent acquisition methods 33 and similar approaches that have recently become more accessible and reproducible 34, 35 . Another obvious future development will be the use of multi-pulsing strategies adding other specific amino acids. These more complex pulsing schemes might be instrumental in shedding light on the in vivo behavior of proteins that might be replaced with unusual dynamics 36 . This is especially relevant for proteins that have completely different turnover profiles at different developmental steps during animal development. In fact, some proteins, such as the crystallins in the eye lens, are synthesized only very early in development and are virtually never exchanged during the animal lifetime 37 . Along these lines, we have previously applied a second metabolic pulse with Arginine10 ( 13 C 6 -15 N 4 arginine) 4 . Even if arginine deprivation is linked to growth impairments 38 and can thus be considered an essential amino acid, in vivo it is efficiently metabolized to proline. This complicates the MS analysis and, in the absence of a precise description of arginine metabolism, restricts the analysis to peptides devoid of proline. A possible future circumvention of this problem could be based on neutron-encoded stable isotope labels 39 , which are commercially available and might be adapted to pulse SILAC strategies to measure protein turnover.
Finally, all the conceptual and practical knowledge that is included in this detailed protocol can be used to extend these lifetime measurements to other frequently used animal models such as rat, fruit flies, nematodes and zebrafish, for which the SILAC food is already commercially available.
Advantages and limitations of the approach
The main general limitations of protein turnover measurements in vivo at the moment are the lack of a simple workflow for reproducible measurements and the absence of an experimental framework that can be followed by non-experts in the field. These aspects have rendered the protein turnover field a closed community predominantly concentrating either on technical aspects of protein labeling 7, 16, 17 or on the proteins that are most easily addressed by simple labeling approaches, such as the ELLPs 9-11 .
To circumvent these limitations, the approach we have developed takes into consideration the reuse of lysines in the organism and enables a precise determination of protein lifetimes. Compared to the approaches used in the past, the main advantages of this workflow are (i) rapid implementation for any laboratory using protein MS; (ii) robust analysis and reliable results that can be easily achieved with the scripts we include in this protocol; (iii) the flexibility of the method and the validation steps, which can be fine-tuned for each practical application; (iv) the modular applicability to specific biological questions, such as neurodegenerative diseases and genetic mouse models; and (v) the possibility of validating lifetimes with high precision.
Although SILAC diets are commercially available, a practical limitation for the application of the approach is the high cost of the isotopically labeled mouse food. Aware of this limitation, in this protocol, we have streamlined the design of experiments and we provide different experimental designs, based on the most common needs, that would minimize animal number, labeling time and costs (see Supplementary Table 1 ). As an example, a minimal design could restrict the use of labeled food to a few hundred grams, enabling reliable results with an affordable investment (on the order of €/$1,500).
Another limitation of the method, which is shared with other shotgun MS approaches used to quantify proteins, is a relatively poorer measurement precision for proteins with low relative abundance. There are two possible solutions to this problem: the first is to simplify the complexity of the sample that is analyzed, for example, fractionating the sample based on its biophysical features so that the most abundant proteins do not obscure the detection of the less abundant ones. Here, we detail a thoroughly time-tested method based on PAGE for this purpose 40, 41 (Steps 15-51) to simplify the application of this protocol for laboratories that do not have access to other more recent MS solutions to this issue, such as high-pH reverse-phase peptide fractionation 42 . The second solution is to enrich the protein or the structure of interest either by specific immunoprecipitation or by subcellular fractionation. We have applied both methods to samples that were metabolically pulsed, and we confirmed the compatibility of these approaches with this method 4 . Owing to space limitations, in this protocol we do not provide an extensive description of these steps, although we refer to the appropriate protocols for these purposes (Step 10). Having a reasonably high amount of protein in the sample is a very strict requirement for this method. We advise using an initial amount of 100 µg of total protein for each sample. If this amount is exceedingly high, for example, because the biological sample under scrutiny is too small (e.g., a small brain area), one could collect similar samples from several mice and measure the pooled samples, although this increases the number of analyzed mice and thus the price of the labeling procedure.
Specific needs in the determination of lifetimes might include the study of the lifetime differences for either extremely short-lived proteins (<1 d) or ELLPs (>60 d). With our protocol, such proteins are identified relatively easily (provided that they are sufficiently abundant) and we know in advance whether they are extremely short-or extremely long-lived. However, it might become challenging to define their exact lifetimes. Specifically, for extremely short-lived proteins, approaches that include short pulses of intravenous injections of isotopically labeled metabolic precursors should be considered. Our scripts have been designed to be usable for calculating the lifetimes for such short pulses. One need only input the correct parameters of the available amino acid pool. It should be noted that, whenever possible, intravenous delivery should be avoided to prevent excessive delivery of precursor molecules, which would affect the physiology of the system. For ELLPs, the most obvious adaptation of our protocol is to include longer pulses, as we suggest in Supplementary Table 1 .
Another challenge in the field is the study of protein lifetimes in tissues composed of fast-dividing cells with extremely high mitotic activity, such as those observed in transformed cells in cancer. In this particular case, the determination of protein lifetimes is confounded by the fact that the cells composing the tissue have faster turnover rates than those of the proteins that compose them. In simple terms, the protein turnover system is not at equilibrium. In this case, other computational approaches for determining lifetimes might be required, including, for example, the implementation of a three-compartment model function fitting with four rate constants, as elegantly proposed in 2012 by Guan et al. 16 .
An additional potential limitation of the methods that use SILAM labeling is the fact that, upon trypsinization, some peptides do not contain lysines (because they can be cleaved on arginine residues). In theory, this problem can be circumvented by using the endoproteinase LysC, which cleaves peptide bonds only at the carboxyl side of lysine. In reality, this solution is suboptimal because the proteome coverage may be compromised as a consequence of the decreased number of peptides generated. In our workflow, trypsin digestion provides a median of six peptides containing lysine per protein identified and allows us to determine the turnover of~80% of identified proteins. This is superior to techniques based on 15 N diets or 2 H 2 O labeling, in which peptide analysis is more cumbersome and allows determination of turnover rates for only~50-60% of the proteins identified 21, 43 .
Experimental design
The final design of the experiments will depend on the exact purpose of the study, the budget that can be dedicated to the project and the constraints on the amount of the protein(s) of interest in the analyzed samples. In this protocol, we describe a minimal workflow, which includes the feeding of one mouse for each of three different time periods for a single experimental condition (for a total of three animals). If the samples analyzed meet the optimal protein amounts necessary for MS analysis (100 µg), this workflow will allow the precise fitting of protein lifetimes for large proteomic datasets. Thus, it can be used for comparing the effect of specific modulations on protein lifetimes by measuring a set of three mice for any additional genetic or pharmacological treatment of interest.
If differences in lifetimes are minimal, or if the precision of the measurements is particularly important to the study, we advise using three animals for each pulsing time, for a total of nine mice for each condition. This solution reduces both the biological and the technical variability and renders the measurements more reliable. As for the pulsing periods, a large fraction of the proteome is relatively shortlived 4, 7 ; thus long pulses are not recommended for most cases, because they substantially increase the cost of the experiments without substantially improving the precision of the results. Specifically for short-lived proteins, the addition of short pulsing times will improve the precision of the measurements without a marked increase in the experimental costs. By contrast, if the main interest is to determine differences in the stability of longer-lived proteins and ELLPs, it might be necessary to design longer pulse schemes. For more specific considerations on the exact workflow, refer to Supplementary Table 1 .
Mouse metabolic labeling (Steps 1-9)
The metabolic labeling of mice with SILAC food was introduced more than a decade ago 25, 27, 28 . For our purposes, the pulsed metabolic labeling of mice is performed with a rather simple setup ( Fig. 2a ), but there are a number of important aspects that should be considered in order to perform it correctly.
As previously mentioned, SILAC food costs need to be considered when planning metabolic pulsing experiments. The price of 1 kg of 13 C 6 -lysine food is on the order of~$/€10,000; thus large experiments require very careful planning. A minimal labeling design can be used to limit the costs of the experiments (Fig. 2b ). An important aspect to consider is that mice will tend to be skeptical of new diet formulations for some days. To prevent the pulsing procedure from being biased by this effect, it is useful to first habituate mice with a less expensive 12 C 6 -lysine formulation that is identically produced and packaged, which allows the mice to get used to the new food in a few days. We recommend monitoring of food consumption and mouse weight across the entire labeling procedure to avoid any chance of labeling biases that could compromise the entire outcome of the workflow. Usually, mouse cage setups are designed to hold relatively large quantities of food. For this reason, food pellets are provided in abundance and the weight of the food itself is sufficient for the animal to grasp and eat the food. When small amounts of food are used, the weight of the food itself might not be sufficient for the animals to correctly grasp the pellets and eat them. To overcome this problem, a simple solution is to add a steel weight that presses the food down and allows its correct consumption ( Fig. 2a ). Owing to the importance of the metabolic pulsing to the overall outcome of the entire workflow, several other details are thoroughly discussed in the protocol and presented in Fig. 2 .
Tissue and subcellular fractionation (Step 10)
A virtually unlimited number of tissue and protein fractionation steps can be combined with this metabolic labeling approach. Owing to space limitations, in this protocol we avoid engaging in a detailed description of all possible fractionation methods. For subcellular fractionation and, in particular, for brain organelles such as synaptosomes, synaptic vesicles and mitochondria, we refer to previously published protocols [44] [45] [46] [47] . In principle, the study of cell-type-specific proteomes could also be combined with this technique 4, 48 , allowing the evaluation of the differential turnover of the same protein species in different cells. Importantly, for all preparations, we advise collection of 100 µg of A metal weight can be used to allow mice to grasp and eat the food correctly. Mice should be placed in single cages in the case that competition for access to food is feared. Monitor food consumption and animal weight to ensure correct food consumption. Because mice have a tendency to eat fecal pellets, which can interfere with labeling, it is useful to change the bedding or remove them. b, Estimated food consumption for a minimal experimental design. Refer to Supplementary Table 1 for more complex experimental designs. The total amount of food for a mouse over 40 d will correspond to~150 g of SILAC food. With this minimal experimental design, the cost of the food can be maintained under~$/€2,000. It is safe to always have an extra amount of labeled food in case the mice eat slightly larger amounts.
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MS analysis (Steps 52-70)
The MS analysis we describe here in detail is based on the initial separation of the samples through PAGE 40 , followed by in-gel digestion and reverse-phase HPLC-MS. This allows the measurement of relative incorporation of 13 C 6 -lysine at the proteome level and the heavy-versus-light values for each protein, corresponding to the amount of labeled 13 C 6 -lysines versus the amount of unlabeled 12 C 6 -lysines. These are the required values for the interpretation of the results and the lifetime measurements. Several other possible shotgun MS approaches could in principle be used to obtain similar values. Aware of this, we have provided scripts for computational analysis (see below) that are compatible with the results from other approaches that provide the heavy-versus-light fraction for each protein as an output.
Computational analysis (Steps 71-93)
The main complexity in the application of this method concerns the computational aspects and the correct calculation of the lifetimes. To circumvent this issue, we provide in this protocol several tools that simplify all computational steps (Supplementary Data 1). These include (i) a graphical user interface script (turnoverGUI.m) used to create a simple file template for inputting the data, import data, estimate the lysine pool dynamics from proteomic data, calculate protein lifetimes and confidence intervals based on the pool of lysines, and compare lifetimes from different conditions and obtain statistically relevant differences; (ii) a script to predict the labeling efficiency for proteins containing two lysines (predictDoubleLabel.m); (iii) a script to predict the relative labeling of proteins in a chase experiment for more advanced applications (predictPulseChase.m); (iv) a script to compare the goodness of fit for multiple datasets using different lysine pool dynamics (comparePools.m);
(v) a script to estimate the lysine pool dynamics from independent measurements, such as those that can be obtained from the blood serum (fitDirectPool.m); (vi) a script to generate simulated datasets that can be used for testing purposes (simDataset.m); and (vii) a series of supporting scripts that are used by previous scripts (readDataXLS.m, writeDataXLS.m, fitSetWriteXLS.m, fitSingle.m, timeMsg. m, genTemplateXLS.m, fitGlobalPar.m and fitSet.m). All these scripts are based on MATLAB, fully annotated and entirely inspectable and modifiable based on the needs of specific applications. We compiled all the scripts, and we explain them stepwise in this protocol in a way that allows their utilization by users with no previous experience with MATLAB.
Data interpretation and amino acid pool fitting (Steps 79-92)
To obtain precise lifetimes, it is necessary to describe the change from the incorporation of normal 12 C 6 -lysines to the labeled 13 C 6 -lysines over the duration of the experiment. The mathematical modeling and the fitting of the data are summarized in Fig. 3 . Briefly, we have shown that lysines exist in free solution ('s') or are incorporated into proteins ('p'), in either a non-labeled (light (L)) or a labeled form (heavy (H)) 4 . The average interactions between these four pools can be approximated by a fast process (dominated by food absorption and excretion, rate parameter b) and a slower process (corresponding to protein synthesis and degradation, rate parameter a). Together with the pool size ratio (r; which indicates bound versus free lysines), four coupled differential equations are solved analytically, using the information gathered with a pulsing experiment 4 . The change of the lysine pool can thus be described as a bi-exponential process ( Fig. 3c ) with three unknown pool parameters [a,b,r]. The labeling of an individual protein of interest (H poi ) is influenced by the pool and has a specific turnover time constant, which is analytically solved. For each [a,b,r] pool parameter triplet, all data obtained by MS can be fitted, producing residuals for each protein that can be summed for all proteins (Fig. 3c , lower panels). The residuals are then minimized during a global pool fit, repeating the individual H poi fits for different [a,b,r] triplets until optimal pool parameters are found. The best parameters can then be used for obtaining all individual lifetime measures (half-lives).
We have previously published the average behavior of the lysine pool in mice 4 . The values can be immediately used for initial lifetime estimations and are included as pre-sets in our script. At the same time, it is possible that specific pharmacological or genetic manipulations will affect the lysine pool. For this reason, in this protocol we include a specific script that can be used to estimate the pool of available 13 C 6 -lysines from a global fit of the labeling results. Once the most accurate lysine pool parameters are chosen, the heavy-versus-light ratios can be used to calculate protein lifetimes.
The best measures for the lifetimes obtained through fittings are means with confidence intervals 49 . Comparing means when the errors are represented by confidence intervals is not standard practice in statistical workflows. Thus, to obtain statistical differences between two conditions, we provide a statistical script that performs the initial comparisons of protein turnover results.
Final validations (Step 93)
Owing to the wide range of applications of protein turnover measurements, each specific experiment might require a set of tailored validation steps. We include in this protocol a gallery of four controls that can be useful for these validation steps (summarized in Fig. 1e and detailed in the protocol). These include (i) a gas chromatography-MS (GC-MS) method for the direct measure of free 13 C 6 -lysines from biological fluids (such as blood plasma) or tissue samples (option A), which is useful for monitoring the availability of labeled lysines during the labeling procedure; (ii) a protocol and a script that allow definition of the labeling profile of double-labeled peptides ('miscleaved' peptide analysis) (option B; this enables the experimenter to monitor and validate the overall labeling of the proteome while also eventually including the results of double-labeled peptides in the computation of the lifetimes); (iii) a script to predict, on the basis of the lifetime results, the relative labeling of specific proteins in a chase experiment (option C); (iv) a method that allows the measurement of the labeling of an exogenous protein after genetic induction (option D). This method can be used to confirm that the available 13 C 6 -lysine concentration in a particular organ corresponds to the specific value calculated from a global fit of the labeling results (as discussed in the previous paragraph). These final validations may be required only by laboratories with special experimental needs. The paragraphs below provide a more detailed description of each of the validation approaches.
Step 93A: evaluation of lysine labeling in the plasma through GC-MS. Although the global fitting approach is a successful method for estimating the change in lysine labeling, at the experimental level the pool of available lysines can be measured directly from the amount of free lysines in the plasma (or in other biological fluids). It is therefore critical to remove any lysines that have been incorporated into proteins before performing the analysis. Depending on the volume of the sample, several approaches can be used for this purpose, all of which are based on protein precipitation followed by high-speed centrifugation to remove the precipitate. The average interactions between these four pools are described by a fast process (food intake and excretion, rate b, with amplitude A and time constant τ 1 ) and a slower process (protein synthesis and degradation processes, rate a with time constant τ 2 ). Together with the pool size ratio (r), four coupled equations can be defined and analytically solved 4 . b, The function for free heavy lysine H s (t) can thus be described as a bi-exponential process with the three unknown pool parameters a, b and r, using the terms C, A, τ 1 and τ 2 . The labeling of an individual protein of interest (H poi ) follows H s using a simple, protein-specific turnover time constant τ, which is analytically solved. c, During global fitting, used to find the correct parameters of the lysine pool, for each pool parameter triplet, theoretical H poi curves can be fitted to the experimental (H/total) ratios (upper three graphs). For each protein, these fits produce residuals and sum of squared residuals (the middle and lower three graphs, respectively). The sum of squared residuals is then minimized during the global pool fit procedure, repeating the individual H poi fits for small steps of the different pool parameter triplets until the optimal pool parameters are found. The best parameters, exemplified in the 'Good' situation in the center of this panel, are finally used for the full experimental dataset to obtain all individual time constants τ (or half-lives:
Step 93B: validation through miscleaved peptide analysis. Validation of the data can be performed by analyzing the labeling profile of peptides that contain two (or more) lysines. Following metabolic labeling in animals, unlabeled lysines from the tissues ( 12 C 6 -lysines) mix with the heavy lysines from the food ( 13 C 6 -lysines). As a result, peptides containing two lysines can be found in one of three different states: (i) both lysines are unlabeled or 'light' (L; two 12 C 6 -lysines); (ii) both lysines are labeled or 'heavy' (H; two 13 C 6 -lysines); and (iii) one lysine is labeled and one is unlabeled; thus the peptide is considered 'medium' (M; one 12 C 6 -lysine and one 13 C 6 -lysine). We provide a script for predicting the labeling status of a peptide based on its estimated lifetime. The predicted result can be compared to the experimentally measured labeling status as described in the protocol.
Step 93C: validation through pulse-and-chase approaches. The data can be further validated through pulse-and-chase approaches. Because there is an infinite number of possible designs, we included a small script that can be used to predict the relative labeling of a protein for which the pulse-and-chase parameters have been defined. This is particularly useful for estimating the relative labeling of a protein following a known chase time in an animal that was previously pulsed for a determined number of days.
Step 93D: validation by expression of an exogenous inducible protein. The actual labeling of the lysine pool in the organ (or subcellular fraction) can be monitored by expressing an exogenous protein at a defined timepoint during the procedure. Ideally, the protein will be induced transiently and will 'sample' the pool of lysines for a short time interval (~1 d). Owing to the limited sampling time, the protein will act as a sensor of the available lysine pool during its lifetime without influencing the implementation of this validation step. Time-resolved protein expression can be achieved by genetic induction using a Cre-ERT system 50 , which is activated by tamoxifen injection. This strategy can be combined with specific promoters to achieve tissue or cell specificity (see, as an example, the work from Erdmann et al. 51 ). Other expression methods, such as targeted viral inductions, can also be used successfully for this purpose. 
Materials

HPLC buffer A
This solution is 0.1% (vol/vol) FA in LiChrosolv-grade water. This buffer should be prepared fresh, but it can be stored at 25°C for up to 6 months.
HPLC buffer B
This solution is 0.1% (vol/vol) FA and 95% (vol/vol) ACN in LiChrosolv-grade water. This buffer should be prepared fresh, but it can be stored at 25°C for up to 6 months.
ABC buffer
This solution is 100 mM ABC (pH 8) c CRITICAL Prepare freshly and discard within a day. Check the pH of the buffer with a pH paper indicator.
Reducing solution
This solution is 10 mM DTT in 100 mM ABC buffer c CRITICAL Prepare shortly before use.
IAM
Iodoacetamide solution (IAM) is 55 mM iodoacetamide in 100 mM ABC c CRITICAL Prepare shortly before use.
mM CaCl2
Once sterile filtered, this buffer can be stored at 25°C for up to 1 year. This buffer can be divided into aliquots and stored at −20°C for up to 1 year.
Digestion buffer Mix 6.5 ml of LiChrosolv-grade water, 6.5 ml of 100 mM ABC and 650 μl of 100 mM CaCl 2 c CRITICAL Prepare shortly before use.
Trypsin buffer
Resuspend 20 µg of trypsin in 1.4 ml of digestion buffer c CRITICAL Prepare shortly before use.
Sample loading buffer
This solution is 5% (vol/vol) LiChrosolv-grade ACN and 0.1% (vol/vol) FA in LiChrosolv-grade water c CRITICAL Prepare shortly before use.
Extraction solution for lysine measurements
This buffer is methanol/chloroform/ddH 2 O (129:60:25 (vol/vol/vol)); it can be stored at 25°C for up to 1 month.
Methoxyamine hydrochloride solution
This solution is 3% (wt/vol) methoxyamine hydrochloride in water-free pyridine. This buffer can be stored at 25°C for up to 3 d.
Equipment setup
UltiMate 3000 RSLCnano HPLC gradient (Step 59) c CRITICAL Because the entire procedure relies on the correct pulse feeding of mice, all experiments critically depend on this process. To avoid affecting mouse behavior, the entire procedure is designed for minimal interference with mouse physiology. To this aim, mice are fed ad libitum. Because metabolic diets are expensive, it is important to design the feeding scheme and calculate the required amount of food. As a reference value, an adult male mouse will eat~3-4 g of food per day, whereas a female under normal conditions will eat slightly less. As a rule of thumb, each mouse eats 1/10th of its weight in dry pellet food daily. c CRITICAL See Supplementary Table 1 for timing details. 1 If you fear food competition among the animals, before the beginning of the labeling procedure, divide the animals by placing them in separate cages. 2 Track animal weight and possibly food consumption daily during the labeling procedure (at the same hour of the day). Sudden changes in weight or eating behavior should be carefully monitored. c CRITICAL STEP For ensuring the correct labeling of mice, it is necessary to evaluate weight differences across the labeling procedure and exclude from the study any animals with abnormal feeding behavior. c CRITICAL STEP Mice become accustomed to specific diet formulations, and a change in the administered diet usually results in weight loss. For this reason, it is necessary to habituate the animals to the Lys(0)-SILAC-Mouse mock diet for some days before the start of the experiment. To speed up the habituation step, some pellets can be inserted directly into the mouse cage. c CRITICAL STEP It is not advisable to leave too much food in the cage because it will become spoiled and the mice will end up playing with rather than eating the pellets. At the same time, most cages are not compatible with the small quantities of food pellets that are used for metabolic labeling. Mice should be able to grasp food from the bottom of the pellet rack, and if the food weight is not sufficient, they will not be able to eat correctly. To this purpose, a stainless-steel cube can be used to weight the food pellets (see cage setup scheme in Fig. 2a ). 4 Following habituation with the Lys(0)-SILAC-Mouse mock diet, proceed to metabolically labeling the mice with the Lys(6)-SILAC-Mouse labeling diet. c CRITICAL STEP The time and day of the beginning of the metabolic labeling should be planned carefully because the tissue collection and possibly the cell fractionation should be performed at precise time intervals following this step. For a standard protein turnover evaluation, we advise collecting tissues from three cohorts of animals after short (5 d), medium (14 d) and long (21 d) pulsing times (see also Supplementary Table 1) . For more precise evaluations of long-lived proteins and ELLPs 4, 9, 10 , longer time intervals might be required. 5 During the first days of the labeling procedure, remove the fecal pellets or change the bedding daily.
c CRITICAL STEP Rodents have the tendency to eat fecal pellets. To avoid the influence of the unlabeled amino acids from the feces on the labeling, it is important to make sure that the unlabeled feces are not eaten, because this might interfere with the experiment outcome. Once the feces are mostly labeled (after~4-5 d), it is not so critical to eliminate fecal pellets. An alternative is to use metabolic cages, which collect the fecal pellets in a compartment inaccessible to mice, although this might affect mouse behavior. 6 After the desired pulsing time, prepare the dissecting tools, the materials and the solutions that will be used for the chosen tissue preparation and subcellular fractionation procedure. 7 Kill mice using the appropriate method, in conformity with local guidelines. 8 Collect mouse tissues of interest rapidly in 15-ml conical tubes filled with ice-cold HBSS buffer. 9 Wash the blood away from the organs thoroughly, changing the ice-cold HBSS buffer 2-3 times.
c CRITICAL STEP Blood is a 'liquid organ' and as such will contaminate protein measurements from other organs. To further decrease the contamination of blood, it is possible to cut the organs NATURE PROTOCOLS PROTOCOL into 1-mm cubes before these washing steps. A more laborious alternative is to perfuse the animal with HBSS buffer before dissection 52 . 10 (Optional) Decrease the complexity of the sample by performing further tissue or subcellular fractionation steps [44] [45] [46] (Experimental design). Note that several tissue or subcellular fractionation approaches can be coupled with this method. A limiting factor can be the tissue size and the total protein content of the collected samples. For reliable MS measurements, we advise collection of at least 100 µg of total protein for each sample to be analyzed. The protein amount should be measured by a reliable assay before addition of the sample buffer. If one animal is not sufficient, the subcellular fractions of several animals can be pooled.
• For synaptic vesicle isolation and the required reagents, refer to Ahmed et al. 44 .
• For isolation of the brain synaptosomal fraction, use either the above-mentioned protocol until
Step 4 or, alternatively, refer to Dunkley et al. 45 . • For the isolation of mitochondria, refer to Sims et al. 46 . Cut each gel lane into a defined number of small pieces. For this purpose, we use a custom-made gel cutter ( Fig. 4) , which allows easy cutting of each lane precisely into 23 pieces. 22 Further cut each gel slice into smaller pieces (usually eight pieces of~1 mm × 1 mm) and place them into a 96-well microtiter filter plate. 23 Wash the gel slices to remove water-soluble contaminants by adding 150 μl of water to the top of each gel piece. Incubate for 15 min in a ThermoMixer at 300 r.p.m. at 37°C. 24 Remove the solvent using the vacuum manifold pump kit (as shown in Fig. 4b ).
c CRITICAL STEP Remove the solvents from the gel pieces by using the vacuum manifold pump and kit for 96-well microtiter filter plates. The regular pressure should be <−35 Pa. Alternatively, use pipette tips to remove the solvent manually from the microtiter plate or vials. Avoid pipetting out gel slices. Preferably, use long gel-loading pipette tips to pipette out solvents because the fine tip avoids aspiration of the gel pieces. ? TROUBLESHOOTING 25 Wash the gel slices by adding 150 μl of 100% (vol/vol) LiChrosolv-grade ACN and incubate them for 15 min at 37°C, with shaking at 300 r.p.m. c CRITICAL STEP Addition of organic solvents such as ACN will shrink the size of the gel pieces. This is due to removal of water from the gel pieces. Take extra care while handling small gel pieces. The small gel pieces tend to exit the well or be pipetted out because of their small size. 26 Remove the solvent. Evaporate the excess amount of LiChrosolv-grade ACN under a chemical hood for a few minutes. c CRITICAL STEP Traces of ACN hinder the reduction, alkylation and trypsinization reactions of proteins. For this reason, it is critical to evaporate the ACN from the gel pieces. Incubation of gel pieces with ACN not only shrinks gel pieces but has been suggested to also expose proteins to the outer part of the gel, thus enabling efficient reduction, alkylation and final trypsinization of proteins. 27 Reduce the proteins by adding 100 μl of 10 mM DTT to the gel pieces and incubating them at 56°C for 1 h in a ThermoMixer at 300 r.p.m. This will reduce and thereby cleave the disulfide bridges from the proteins in the gel slices. Eliminate the solvent with the pump as illustrated in Fig. 4 (Fig. 4c) .
c CRITICAL STEP From this step onward, all the liquids will be pooled and collected in the 96-well microtiter plate underneath. Do not discard the liquids. 38 Add 20 μl of trypsin buffer to each gel piece. c CRITICAL STEP Avoid shaking the plates when the trypsin is added because if the trypsin does not remain in the gel long enough, the proteolytic step will be inefficient. While extracting the peptides with the 96-well plate kit, make sure that the plate topology of the upper 96-well filter plate matches that of the 96-well microtiter plate underneath. 39 Incubate the gel pieces at 4°C for~30 min to allow the trypsin to diffuse into the gel. 40 After trypsin diffusion, cover the gel pieces with 40-80 μl of digestion buffer. 41 Fig. 4 ). c CRITICAL STEP Apply a pressure of 40-60 Pa. Higher or lower pressures are not compatible with the filter membrane of the 96-well microtiter filter plate. 45 Repeat Steps 43 and 44 once more to extract as many peptides as possible. 46 To make sure that the peptides have been completely extracted from the gel pieces, add 50 μl of water to each well of the 96-well filter plate and incubate it for 15 min at 37°C, with shaking at 300 r.p.m. 66 After efficient trypsinization, there are only two types of peptides in the samples, i.e., the light version and the heavy version. For this reason, once it is confirmed that the trypsinization is complete (Troubleshooting), one can specify a multiplicity of '2' in MaxQuant (Fig. 5 ). For peptides containing more than two lysines, refer to the validation part of the protocol (Step 93B).
c CRITICAL STEP The multiplicity corresponds to the number of labels present in the sample. For a pulse with 13 C 6 -lysine (Lys6), the multiplicity will be 2: Lys0 (light) and Lys6 (heavy). ? TROUBLESHOOTING 67 Select 'Lys6' from among the heavy labels ( Fig. 5) . 68 Select the database in 'Global parameters' (Fig. 5 ). 69 Untick or switch 'OFF' in the 'Requantify' option.
! CAUTION If the 'Requantify' option is switched 'ON', MaxQuant will consider background values (mainly corresponding to noise) as data for the missing SILAC pairs. This would result in an overall increase in proteome coverage (i.e., the number of proteins for which heavy-versus-light values will be reported), but the values will be incorrect and, as a consequence, the lifetimes will be incorrectly determined. Thus, to avoid reporting false protein turnover values, we recommend keeping the 'Requantify' option 'OFF'. 70 Set the peptides for quantification (protein quantification/peptides for quantification) as 'Unique + razor peptide' (Fig. 6) . The search will provide the heavy-versus-light ratios that can be used to calculate protein lifetimes (see Data interpretation below). c CRITICAL STEP This option could be set to 'Unique' in order to acquire accurate protein lifetimes by avoiding the possible homologous peptides. However, using this option might also lead to a decrease in the total protein coverage due to absence of peptides for protein quantification. ? TROUBLESHOOTING Data interpretation • Timing variable, ideally 1-2 d c CRITICAL All MATLAB scripts (*.m) are available as Supplementary Data 1. The scripts must be copied into a common folder that is searchable by MATLAB (add the folder to the MATLAB search path). Make sure the 'Optimization' and 'Statistics and Machine Learning' toolboxes are installed. The following steps are best run from the graphical user interface (turnoverGUI.m). 71 Data import (Steps 71-78). First, make sure that the data are formatted as heavy-versus-light ratios.
Use the data import script (included in Supplementary Data 1) to import the data obtained from the MS analysis. Start the graphical user interface by typing turnoverGUI into the MATLAB command window without parameters (and without the quotation marks). For evaluation purposes, an example is given in Supplementary Data 2.
? TROUBLESHOOTING 72 In the 'template' tab of the graphical user interface of the turnover script ( Fig. 7) , fill in the names of all unique conditions (treatments and/or tissues) in the 'Condition(s)' field (using a new line for each condition, with no empty lines). 73 Fill in all unique experimental pulse times (in days) in the 'pulse times' field. These are the same time pulses as those presented in Fig. 2b or in Supplementary Table 1 . 74 Fill in the number of biological replicates. These would probably correspond to the number of single animals used, unless more than one mouse is pulled for subcellular fractionation. 75 Fill in the number of MS machine replicates. In our experience, two machine replicates are a good compromise between machine time usage and precision. 
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PROTOCOL 76 Use the 'generate' button to create an Excel file containing the headers necessary for the correct import of the data and save it in the same directory where the scripts are. 77 Copy all experimental heavy/light ratios into the corresponding columns of the generated file, directly under the header rows. Copy the corresponding protein IDs into the left column. Save the modified file. c CRITICAL STEP Make sure all experimental data points in the Excel file are heavy-versus-light ratios. If correctly input, the ratios will be internally converted to heavy-versus-total during the import step. Missing conditions and replicates will be ignored. 78 In the 'import' tab of the graphical user interface (Fig. 8) , load the Excel file created in Step 77.
General information about the dataset is shown in a text window. A testing dataset for evaluation purposes is included as Supplementary Data 2. 79 Fitting of pool parameters (Steps 79-84). In the 'pool fit' tab of the graphical user interface (Fig. 9) , select the reference condition from which the pool parameters are to be calculated (usually control conditions). Set the minimum number of data points as the threshold for protein inclusion. The number of proteins thereby selected will be displayed on the top in the threshold drop-down menu. c CRITICAL STEP This part of the script will be used to calculate the pool of lysines available for protein synthesis with a global fitting approach from the labeling data as previously described 4 . The pool of available lysines has two components: a fast component deriving from the rapid incorporation of the 13 C 6 -lysines from the labeled food and a slower component that depends on the slow exchange of the labeled 13 C 6 -lysines with the unlabeled 12 C 6 -lysines deriving from the degradation of the proteome. For the determination of individual protein lifetimes, the exchange of the underlying pool of available heavy and light lysines must be estimated. The optimal pool 
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parameters are found by minimizing the sum of residuals from a simultaneous fit of multiple proteins. It is computationally expensive to include the total set of proteins for this step, and, in our experience, including weak and noisy signals from proteins that are detected only in a small number of experiments does not substantially improve the quality of the pool fit. For this reason, a threshold can be set for the number of required data points for proteins to be included into the global fit. 80 Fill in the starting parameters (a,b,r) for the pool fit, or use the predefined values that were measured in the key reference work 4 . c CRITICAL STEP The parameters describe global protein generation/degradation rates (a), feeding/excretion rates (b) and the ratio of protein-bound versus free lysine pools (r). In addition, derived parameters (tau1, tau2, A) are shown to the right for a better interpretation of the pool curve: tau1 is the fast time constant of the exponential rise, tau2 the slow time constant, and A is the amplitude of the fast component (and 1−A the amplitude of the slow component). 81 Fill in the starting time constant for the fit of individual proteins (POI tau0). A value in the vicinity of the real protein time constant will improve the speed and robustness of the fit. A plot in this tab shows the temporal evolution of the pool using the current pool parameters and will be 
PROTOCOL updated upon manual parameter modification and after each step of the global fit procedure. The optimization should be run until a message window appears saying 'optimization of pool parameters', signaling completion. c CRITICAL STEP Depending on the computer and the number of proteins, the following global fit can take from several minutes to several hours. It is interruptible by pressing Ctrl+C in the MATLAB command window but should be run until a message window signals completion. The progress to this point can be saved in the 'session' tab using the 'save session' button. A session variable will be created in the MATLAB workspace that can be saved to disk (by typing save <filename> turnoverSession). Loading the session (type load <filename>) and starting the turnoverGUI.m script with the session as parameter (turnoverGUI(turnoverSession)) will restore the saved session. ? TROUBLESHOOTING 82 Start the pool fit with the 'global fit' button. Statistics of the current iteration will be displayed in the adjacent log table, with the most recent entry at the top of the list. 83 After the completion message window appears, save the session to the MATLAB workspace (see above) to use the pool parameters at a later time point or with other datasets. 84 Different experimental conditions might induce a change in free lysine pool dynamics, resulting in different global pool fit results and possibly different lifetimes. To estimate how well different pools can model different datasets, an additional MATLAB script can be used in the following way: first, do a global fit as in the previous two steps and save the session using a unique name (e.g., 'ts1' for the first pool obtained from the first dataset) in the 'session' tab. Second, change the reference condition to the next relevant condition (Step 79, in the 'condition' drop-down menu) and repeat the process until all relevant datasets are fitted and saved as individual session variables (e.g., 'ts1', 'ts2'…). Third, type the following line into the MATLAB command window to call the comparison script using a cell array '{ }' of all sessions as the input parameter (in the example here with the three sessions):
comparePools ({ts1,ts2,ts3});
Wait until the script is finished. This gives, as a result, the matrix of normalized residuals. In the matrix, each column will correspond to a different dataset and each row to a pool parameter set [a,b,r]. The lowest relative residual (and therefore best result) should be 1, for the case that a dataset was fitted with the pool parameter obtained from the same dataset (and to be found in the diagonal of the matrix). For fits with foreign pools (non-diagonal elements), slightly increased residuals (~<2) indicate that these pools describe the dataset satisfactorily, while larger residuals (>2) suggest that the conditions should be analyzed using their own separate pool parameter sets. To provide an example of data that are not well fitted using the same pool, we include a supplementary dataset of simulated data ( Supplementary Data 3) . For more advanced users, we have also provided a script that can be edited and allows simulation of data and different noise levels (simDataset.m) and a script that can save the data generated in this way (writeDataXLS.m).
? TROUBLESHOOTING 85 Fitting all proteins of interest (Steps 85 and 86). This part of the script allows the calculation of the lifetimes of the proteins, expressed as half-lives in days (the time required to replace half of a defined protein population). In the 'dataset fit' tab ( Fig. 10) , use the 'start fit' button to fit the time constants of all proteins of interest for all conditions of the dataset. During the fit, the button text changes to 'fitting...'. The fit process is uninterruptible and can take several minutes, so be patient. After completion, the button text changes back to 'start fit', and an overview of the fit result of one condition (selectable in the pop-up menu) will be shown in two plots. 86 Use the 'export fit' button to export the half-lives or time constants and their confidence intervals for all conditions to an Excel file. Save the Excel file in the MATLAB folder where the main script is also located. 87 Statistics comparing different conditions (Steps 87-92). In the 'statistics' tab ( Fig. 11) , select two conditions for comparison and use the 'compare' button to test for significant differences between time constants for different conditions. A volcano plot will be shown on the left, from which a range of proteins can be selected based on their fold-changes (log 2 , threshold shown as vertical blue lines) and P values (−log 10 , horizontal green line). c CRITICAL STEP The uncertainty in the determination of protein lifetimes is given as a confidence interval. To compare the protein lifetimes and determine for each protein whether the lifetimes in two conditions are significantly different, our script calculates the fold-change (lifetime of condition 2 divided by lifetime of condition 1) and the respective P values and provides a volcano plot. The volcano plot is a specific type of scatter plot in which the significance (expressed as −log 10 of the P values) is compared to the fold-change (expressed as log 2 of the fold-change) on the y and x axes, respectively. With our script, the values can also be exported as an Excel file for further analysis. Also note that lifetimes <0.25 d indicate only that the proteins are extremely short lived. The precise study of proteins with a lifetime <1 might require additional experiments, including intravenous administration of isotopically labeled amino acids. On the volcano plot on the left, results are shown for the second condition versus the first condition tested. The fold-change (f) corresponds to the ratio of the lifetimes of the second condition (‛condition_1' in the example) versus those of the first condition ('control' in the example). In the graph, the lifetime values that are relatively higher in the second condition ('condition_1' in the example) are shown in the rightmost part of the graph (in green), whereas the relatively lower values are shown on the leftmost part of the graph (in dark red). The table on the right contains the lifetime, fold-change and P values calculated for each protein.
PROTOCOL 88 Modify the desired thresholds in their respective 'sel' edit fields, or left-click/left-drag the mouse pointer in the plot to change the selection thresholds directly. 89 To change the axis limits, edit the respective 'max' edit fields. 90 Use the 'export stats' button to export the current comparison as an Excel file. The comparison will contain all the proteins. 91 To export only the proteins that are selected by the threshold, activate the 'threshold' check box before the export; otherwise, all proteins will be exported. 92 At the end of the session, you can save all data under the 'session' tab with the 'save session' button.
A session variable will be created in the MATLAB workspace that can be saved to disk (by typing save <filename> turnoverSession). Loading the session (type load <filename>) and starting turnoverGUI.m with the session as parameter (turnoverGUI(turnoverSession)) will restore the saved session.
Final validations
93 In this section, we describe four different procedures for validating the obtained results. Follow option A for evaluating the labeling of the lysine pool in the plasma of animals. This validation might be necessary if the labeling across different conditions is largely heterogeneous. Follow option B for an additional validation through miscleaved peptide analysis. This step is easy to implement in the case that miscleaved peptides are found in the database. Follow option C for an additional experimental validation through a pulse-and-chase approach. This option is useful for estimating complex labeling trajectories required by some specific experimental designs. Follow option D in the case that it is necessary to check for the labeling of an inducible protein, which might be relevant in the context of cell-specific proteomes (see the 'Experimental design' section for a more detailed description of these options).
(A) Evaluation of lysine labeling in the plasma through GC-MS • Timing 3 d, including the analysis, should be sufficient for 20 samples ! CAUTION All steps during the extraction and derivatization procedure must be performed under a fume hood to avoid exposure to hazardous fumes. c CRITICAL We encourage users to proceed with the GC-MS measurements of the free lysine pool if there is a large variation in optimal pool parameters obtained from different datasets (as seen in residual increases by a factor of >2 in Step 84). Alternatively, if there are specific issues related to the eating behaviors of the mice under different conditions, GC-MS measurement of the free lysine pool might be required. c CRITICAL It is important that all fluids or tissue samples be quenched as soon as possible after killing the animal, because metabolite levels can rapidly change across tissues and fluids. Quenching can be performed by adding the extraction solution directly to fluids or by quickly freezing tissue samples in liquid nitrogen. c CRITICAL Use only analytical-grade solvents. Plastic reagent caps can be used during all extraction and derivatization steps, because metabolites extracted from the plastic normally do not interfere with later analysis. As a control, a water sample should be carried through the whole procedure. c CRITICAL STEP Depending on the sensitivity of the GC-MS system used, the amount of the upper phase that is evaporated can be varied to obtain sufficient signal while avoiding overloading of the column. Evaporation can also be performed in a SpeedVac concentrator. This concentrator must be equipped with a cooling trap to collect the evaporated organic solvents, which can be corrosive to the pump. Check the user manual of the machine in use beforehand.
(vi) Derivatize the sample with 15 µl of methoxyamine hydrochloride solution for 4-48 h at RT. (vii) For the next derivatization step, add 30 µl of MSTFA, vortex and spin for 2 min at 20,000g at RT. (viii) Transfer the sample to GC-MS vials and incubate for 1-8 h.
c CRITICAL STEP Because MSTFA derivatization should not exceed 8 h, the GC-MS system should be ready to measure samples in this time frame. Therefore, it might be necessary to prepare samples in batches to ensure proper derivatization time.
(ix) Run the GC-MS system using an HP5-MS column under the conditions specified in the 'Equipment setup' section. c CRITICAL STEP In principle, other columns can be used, but care must be taken to avoid the elution of lysine from the column together with any major analyte, such as glucose. Changing the temperature gradient might help to overcome such problems. (x) Analyze the 4-trimethylsilyl derivative of lysine: determine the [ 13 C] to [ 12 C] ratio of lysine by quantifying the integrals of the mass-to-charge ratios of 317 Da/e and 322 Da/e. To account for the natural isotope distribution, the 12 C value must be multiplied by 1.499 and the 13 C value by 1.42. (xi) Import all measured heavy/light (H/L) ratios and measurement times into MATLAB using the graphical user interface script (turnoverGUI.m; included in Supplementary Data 1). For the following, the variable 'HvsL' is assumed to contain all H/L ratios from the previous step and the variable "t" is assumed to contain all corresponding times in days. As an example, input the data into MATLAB in the following format: week c CRITICAL A few hours is sufficient for this analysis in the case that miscleaved peptides are found in the database; it takes ≥1 week in the case that trypsinization needs to be repeated and optimized. (i) For this validation use the usual sample processing workflow described in Steps 11-51, but modify Step 41, using a shorter trypsin incubation (1-2 h instead of the usual overnight incubation). c CRITICAL STEP Trypsinization is usually very efficient, and the exact timing of this step needs to be calibrated ad hoc. For this validation experiment, it is necessary to ensure that the protein sample is trypsinized in a way that the majority of peptides contain at least two lysines. This can be achieved either by performing partial trypsinization (for 2-4 h) or by using other proteolytic enzymes (such as GluC or chymotrypsin, which do not cleave lysines). 
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(iii) To predict double labeling by incomplete digestion, use the MATLAB script predictDoubleLabel.m (Supplementary Data 1) . The function is called from the MATLAB command window and needs the following three input parameters: • The desired time points (t) for which the relative labeling should be predicted. For a comparison with experimental results, use the same time points (e.g., type t = [5, 14, 21] ; for days 5, 14 and 21) . For a more complete understanding of the labeling dynamics, use more frequent sampling (e.g., t = 0:.1:30;'). Data 1) . Specify the following variables as arguments to the function: • t, the time vector (in days) for which predictions need to be computed in days, for example, type t = 0:.1:30; for a densely sampled exploratory calculation, or t = [5 14 21] ; for a comparison with measured data points at days 5, 14 and 21. • tStop, the time (in days) of the pulse, for example, tStop = 14; for a pulse duration of 14 d followed by 7 d of chase in the above example. • tau, the time constant for one or multiple proteins. A previously saved session (Step 83) can be used (tau = turnoverSession.dsFit(1).fit.tau;' would use all protein time constants of the first condition of the dataset). • gPar, the pool parameters a, b and r given as a vector of 3, for example, gPar = [0.0343 0.449 11.837] for default pool parameters, or from a previously saved session: gPar = turnoverSession.pool.gPar;. (ii) Obtain the predicted labeling by typing: [yP,yC] = predictPulseChase (t, tStop, tau, gPar);. The output arrays yP and yC are the labeling amplitudes for pulsed-only and pulse-chase experiments at given time points, for all time constants given. (D) Validation by expression of an exogenous inducible protein • Timing A few weeks to some months, including MS evaluation and analysis (i) Feed the mice with the SILAC diet for the required number of days (usually >5 d; this validation is more reliable for longer pulsing times, because variable induction trajectories can influence the results). c CRITICAL STEP For this validation step, short feeding periods (1-2 d) are not compatible with the expression times of most of the inducible systems available. Longer feeding schemes should be considered and analyzed during this validation. (ii) Induce the production of the exogenous protein with the most appropriate method. For tamoxifen induction, an induction scheme consisting of two intraperitoneal injections/day is usually sufficient. If the expression levels of the proteins of interest can be detected without problems with a conventional western blot strategy, there is a good chance they can be observed with MS. c CRITICAL STEP For the incorporation test, induce the expression of a protein that is not endogenously synthesized in the tissue of the organism of interest. It is important to be able to distinguish the reporter protein from the endogenous proteins; otherwise, the labeling of the endogenous protein will interfere with the results of this validation. If the induction scheme is particularly challenging for the animal, food consumption during the induction should be monitored. (iii) Kill the mice, following the appropriate guidelines. (iv) Prepare the tissue lysate as described in Steps 11-51 of this protocol.
(v) Analyze the data according to Steps 71-92. Check that the H/L ratio of the overexpressed exogenous protein corresponds to the incorporation as predicted by the global fitting approach used (Step 79-84).
? TROUBLESHOOTING
Troubleshooting
Troubleshooting advice can be found in Table 1 . spectrum) and will therefore not yield reliable ratios. Because we combine three biological replicates and three machine replicates for three different time points for each type of sample (e.g., cortex), the coverage scales up to~53,000 peptides, from which~26,000 heavy-versus-light peptide ratios were measured, corresponding to the determination of lifetimes for~3,300 proteins. In each condition, 2,100 of the calculated lifetimes yielded a reliable confidence interval, which serves as a measure of the lifetime precision.
As expected, we could see a correlation between the accuracy of the turnover determination (confidence interval) and the number of peptides identified per protein. Proteins that were identified 
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PROTOCOL with ≤10 peptides had a median confidence interval of their lifetimes corresponding to 24% of their respective lifetimes. This value decreased up to 7.5% (corresponding to higher precision) for proteins identified with 60 or more peptides. This suggests that the protein coverage directly scales with the precision of the determination of the lifetime. As a reference, in the brain, the average heavy-versus-light ratios after 5, 14 and 21 d of labeling are~0.14,~0.19 and~0.23, respectively. Overall, the turnover of the brain is relatively low, and higher ratios should be expected for many other tissues.
Overall, in regard to the quality of the lifetime measurements and the data reproducibility, the user should always find a compromise between the precision in the lifetime determination and a number of practical matters, which include the cost of the labeled food, the number of the analyzed animals, the machine time and the desired proteome coverage. Along these lines, we include here the analysis of the influence of labeling intervals and biological and/or technical replicates on the lifetimes measured ( Fig. 12 ; see also Supplementary Table 2 for additional details). Briefly, we found that, owing to the overall median distribution of lifetimes and the effect of the delayed protein labeling exerted by the kinetics of the lysine pool, the most relevant time point for lifetime determination corresponds to a pulse of 14 d (Fig. 12a) . In practical terms, this suggests that in a minimal design, a unique 14-d pulse might be useful for estimating up to 90% of lifetimes with a median variation in their determination of~2.5% with respect to a design including three time pulses. As for the effects of biological or technical replicates, using three labeling intervals and only one biological replicate and one technical replicate, the coverage is~80% of the possible lifetimes, with a median variation of~3% with respect to a design with three biological and three technical replicates (Fig. 12b ). The coverage is extended to 90% of all detected lifetimes by including two additional technical replicates (bringing the experiment to one biological and three technical replicates).
As an additional measure of the reproducibility of this method, we also evaluated the lifetime in a subset of the data that was not used to calculate the lysine pool ( Fig. 13 ). For this purpose, we have subdivided the original data into a 'training' set and a 'testing' set (corresponding to 2/3 and 1/3 of one of our original datasets). We have calculated the lysine pool and the protein lifetimes on the training set and compared them to the lifetimes calculated on the testing set (Fig. 13b) . The lifetimes measured are extremely similar (r 2 = 0.97), suggesting that the approach is highly reproducible. Importantly, if a comparison between different conditions is the purpose of the study, the number of statistically significant differences detected will also depend on the robustness of the results and on the confidence intervals of the measurements, which is an important consideration in choosing the experimental design. Fig. 13 | Evaluation of lifetime determination precision in a subset of the data that is not used to calculate the lysine pool. a, Schematic representation of the approach. First, we have subdivided the original data into a 'training' set and a 'testing' set (corresponding, respectively, to 2/3 and 1/3 of the original dataset). Second, we have calculated the lysine pool and the protein lifetimes on the training set (leaving the 'testing' data untouched). Third, we have calculated the protein lifetimes in the 'testing' data, based on the lysine pool from the 'training' data. Finally, we compared the lifetimes from the two datasets in a scatter plot (panel b). For the initial subdivision of the data, we randomly selected 2/3 of the available data for each pulsing time so that both subsets contained a balanced distribution of data across the entire labeling procedure. b, Results of the analysis introduced in a. The lifetimes of 1,908 proteins are represented.
These results are in line with the observation that the turnover measurements are overall quite reproducible. As an example, the average coefficient of determination (r 2 ) between technical replicates is 0.95 ± 0.01 (s.e.m.) and is 0.91 ± 0.03 for biological replicates, highlighting the small variation among experiments. It is likely that the high reproducibility of these measurements arises from the fact that each turnover measure is based on a ratio that arises from the detection of 'heavy' and 'light' values, which is much less error prone than, for example, absolute quantification of protein amounts.
Finally, in this protocol, we describe four different validation experiments (Step 93A-D), which can be used as internal quality controls or as tools to extend the use of this protocol to specific tissues or experimental organisms. Despite the increased complexity of applying them, these validation steps are extremely beneficial for evaluating the reliability of the lifetime measurements. In particular, the measurement of the lysine pool from the reference biological fluid is the most valuable for testing the reliability of the pool used for defining the lifetimes through fitting. A certain variability is to be expected at the beginning of the feeding protocol (during the first few days). This depends on the variable feeding behavior of animals. To reduce this variability, we advise beginning each labeling experiment at precisely the same hour when possible. The variability in the feeding behavior, in our experience, should not be a problem, as long as the overall behavior of the lysine pool overlaps with the pool of lysines that can be estimated through the global fitting approach, and as long as the correlation coefficient of repeated heavy-versus-light measures is >0.85.
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